Autophagy or 'self-eating' is a process by which defective organelles and foreign material can be cleared from the cell's cytoplasm and delivered to the lysosomes in which degradation occurs. It remains an open question, however, whether nanoparticles that did not enter the cell through endocytosis can also be captured from the cytoplasm by autophagy. We demonstrate that nanoparticles that are introduced directly in the cytoplasm of the cells by microinjection, can trigger an autophagy response. Moreover, both polystyrene beads and plasmid DNA containing poly-ethylene-imine complexes colocalize with autophagosomes and lysosomes, as was confirmed by electron microscopy.
INTRODUCTION
In non-viral gene delivery, we aim to induce protein production by the cellular administration of plasmid DNA (pDNA) or mRNA that encodes the desired protein (Fig 1) . For gene therapy to be successful, the nucleic acids should reach the cytoplasm (in the case of mRNA) or the nucleus (in the case of pDNA) of the target cells. The ideal delivery system should guide the nucleic acids to their target cells, increase their cellular uptake and help the nucleic acids to escape from the endosomal compartment into the cytoplasm of the cells. Also, the possible degradation of the nucleic acids in the intracellular environment should be taken into account, as the intact sequence is necessary to maintain their biological activity (1) .
Since more than a decade, pharmacists, material scientists and biophysicists are intensively studying the design, preparation and cell biological behavior of nanosized particles carrying nucleic acids (2) (3) (4) (5) (6) (7) (8) (9) .
The extensive research of nucleic acids delivery has revealed some general findings which should be taken into account when developing new gene delivery systems. It is for example accepted that positively charged nanoparticles are better taken up by cells (10) . As naked nucleic acids are negatively charged, they are complexed with cationic polymers or cationic liposomes to increase the cellular delivery. These complexes can take different endocytic pathways to enter the cells, dependent on their size and surface characteristics (11) (12) (13) (14) . When nanoparticles fail to escape the endosomal compartment, eventual delivery to (and degradation in) the lysosomes will occur. Up to now, it is accepted that nanoparticles or naked nucleic acids that escaped from the endosomal compartment remain present inside the cytoplasm of the cells. We recently obtained evidence, however, that nanoparticles that are freely present inside the cytoplasm, can be captured inside cellular vesicles, possibly due to an autophagic response of the cells (15) . Autophagy or 'self-eating' is a process by which cells clear their cytoplasm from defective cell organelles and foreign material (Fig 1) (16) .
Initially, part of the cytoplasm is engulfed by a double-membraned structure (the phagophore, Fig 1, step 7), which closes on itself to form an autophagosome (Fig 1, step 8 ). These autophagosomes can receive additional input from endocytic vesicles before they eventually fuse with lysosomes to form an autolysosome, in which the sequestered cytoplasmic cargo is degraded (Fig 1, step 9 ). Recently, it was shown for the first time that autophagy is a potential barrier in non-viral gene delivery after transfection of cells with nanoparticles. With electroporation, however, an autophagy response was not noted (17) . Also previously, we suggested that autophagy could be responsible for the long term endosomal entrapment of nanoparticles in Retinal Pigment Epithelial (RPE) cells (18) . In the current paper, we demonstrate the occurrence of autophagy on inert polystyrene beads and plasmid DNA containing poly-ethylene-imine (PEI) nanoparticles, that were directly introduced in the cytoplasm of the cells by microinjection (Fig 1, 10 ). Our findings suggest that, highly likely, endosomal escape alone is not sufficient to prevent cargo from eventual lysosomal degradation. The re-capturing of cytoplasmic nanoparticles in autophagosomes will limit the residence time of cytoplasmic cargo and could be a major determinant of why the majority of nanoparticles are entrapped in the endosomal compartment. This on its turn limits the time frame during which mRNA can be translated in the cytoplasm, or pDNA can be delivered to the nucleus of the cells, thus limiting the efficiency of nonviral gene delivery systems.
Fig1
. Intracellular barriers to non-viral gene delivery. After cellular entry (1), nanoparticles have to escape from the endosomes (2) and release nucleic acids in the cytoplasm of the cells (3). Plasmid DNA then needs to travel to the nucleus (4), while mRNA can be translated to proteins in the cytoplasm of the cells (5) . Clearly, degradation of nucleic acids should be avoided (6) . When autophagy occurs, a phagophore isolates cytoplasmic material (7) and closes on itself to form an autophagosome (8) . These fuse with lysosomes to form an autolysosome (9) in which the cytoplasmic cargo is degraded. In this research article, nanoparticles are directly delivered to the cytoplasm of the cells by microinjection (10) .
MATERIALS AND METHODS

pDNA production & labeling
Heat competent E. coli transformed with the gWIZ-GFP plasmid DNA (GeneTherapy Systems®, San Diego, California) were grown in LB medium with kanamycin at 37 °C for 20 h. pDNA was isolated and purified with the Qiafilter Plasmid Giga Kit (Qiagen®, Venlo, The Netherlands) according to the manufacturer's instructions. For colocalization experiments, pDNA was labeled with Cy5 (fluorescent red) using the Label IT ® Cy TM 5 labeling kit (Mirus Bio Corporation, WI, USA) and purified by purification columns as supplied by the manufacturer. It should be noted that at the highest labeling density used, the Cy5-labeled pDNA can no longer induce GFP expression so it does not interfere with the colocalization measurements (19).
Polystyrene beads and pDNA/PEI polyplexes
Green fluorescent carboxylated polystyrene beads of 100 nm and red fluorescent carboxylated polystyrene beads of 40 nm were used (Molecular Probes®). These beads have a negative ζ-potential and were introduced into the cells by microinjection, uptake or electroporation as described below. As working solution, polystyrene beads were freshly diluted 1000 times in water and sonicated during 15 minutes before use. The diluted PS beads have an average concentration of 2 x 10 8 beads/µl. Upon injection, this results in between 8 to 20 injected beads per cell.
As pDNA nanoparticles we made use of pDNA complexed to 22 kDa linear poly-ethylene-imine (PEI) (kindly provided to us by Prof. Olivia Merkel, Wayne State University, USA). Complexes were prepared by adding a PEI polymer solution to an equal volume of a 0.4 µg/µl pDNA solution to obtain a nitrogen to phosphate ratio (N/P ratio) of 10, followed by vortexing the dispersion for 10 seconds.
pDNA/PEI complexes were allowed to equilibrate at room temperature for 30 minutes prior to use.
pDNA/PEI complexes have a positive zetapotential of 32 ± 5 mV and a size of 165 ± 15 nm in Hepes buffer. It should be noted that both for polystyrene beads and pDNA/PEI nanoparticles, the size and charge can change significantly in cell culture medium or optiMEM® (20 The basal expression levels of non-injected cells expressing GFP-LAMP1 and GFP-LC3 can be found in supplementary information (Suppl. Fig. 1 ). For live-cell imaging, the cells were placed on the microscope in a stage top incubation chamber (Tokai Hit, Shizuoka, Japan), set at 37 °C, 5% CO2, and 100% humidity. Live-cell single particle tracking was performed on a custom-built laser widefield fluorescence microscope setup (TE2000-E inverted microscope) equipped with a Plan Apo VC 100x Ultrathin cryosectioning was done on a Leica Ultracut cryotome (UC6/FC6). To pick up ultrathin (65 nm) cryosections a 1:1 mixture of 2.3 M sucrose and 1.8% methylcellulose was used. Sections were placed on cupper grids, which contained a formvar film and were carbon coated. Labeling principles are described (22) . Correlative microscopy of fluorescence-and immunogold-labeled ultrathin cryosections was done essentially as described (23) For a more detailed description of both the SPT microscope and the trajectory analysis, the reader is referred to (18) . For confocal images, colocalization analysis of red fluorescent nanoparticles with the green labeled cellular compartments were performed in Image J, using two different colocalization plugins (colocalization and the JACOp plugin) (25) (http://rsbweb.nih.gov/ij/). To avoid false positive correlation between diffuse fluorescence in the green channel with nanoparticles in the red channel, object based colocalization was performed to determine the percentage of colocalized nanoparticles.
RESULTS
Previously, we explored the possibility of chromatin targeting to increase the delivery of nanoparticles to the nucleus of the cells (15) . In the in vitro Xenopus nuclear envelope reassembly reaction, chromatin targeting could be improved up to 3-fold. We noted, however, that upon microinjection of these nanoparticles in the cytoplasm of the cells, nanoparticles were not able to reach the nucleus of the cells during cell division. It seemed, however, that nanoparticles accumulated in a specific perinuclear region, where also lysosomes are abundant. We hypothesized that this cytoplasmic capturing of nanoparticles was responsible for the lack of chromatin targeting in living cells. In this research project, we were interested to evaluate if nanoparticles that are present in the cytoplasm of the cells, could indeed be captured inside lysosomal vesicles due to the occurrence of autophagy.
Therefore, we investigated the fate of injected polystyrene beads and pDNA/PEI nanoparticles with a combination of Single Particle Tracking (SPT), fluorescence colocalization microscopy and electron microscopy.
Single color single particle tracking (SPT)
To reach the nucleus of the cells, nanoparticles should show some mobility in the cytoplasm of the cells. In a first set of experiments, we injected 100 nm green polystyrene beads in the cytoplasm of the cells and followed their mobility using Single Particle Tracking (SPT). Figure 2 shows the movement of 100 nm green polystyrene beads after injection into the cytoplasm of the cells. Immediately after injection, 100 nm beads are completely immobile in the cytoplasm of the cells. Tracks of individual beads remain stationary at a single spot (Fig 2B) . Even upon close view on individual tracks (Fig 2C) , no diffusion can be seen in the time course of the movies. Analysis of more than 1000 tracks revealed that 89 ± 4 percent of the nanoparticles have an alpha value of less than 0.4, demonstrating restricted motion ( Fig 2H, black bars) . This indicates that the nanoparticles are too large to travel through the cytoplasm of the cells, or, more likely, that the charged beads get stuck after binding to oppositely charged intracellular compartments. It should be noted that nanoparticles appear to be present in the nucleus of the cells. However, as we use a wide-field confocal set up to acquire the movies, these beads are most likely present above or below the nucleus, and not actually in the nucleoplasm.
Next, injected cells were incubated overnight at 37 °C. When the injected cells where viewed with SPT after this time period, movement of the injected beads was clearly observed. When compared to the beads immediately after injection, the particles show longer tracks and directed motion (Fig 2F) . This is also obvious by a shift of the alpha value towards larger values ( Fig 2G, grey bars) . 59 ± 6 percent of nanoparticles move with alpha values between 0.4 -1, while even 19 ± 7% have an alpha value of more than 1, indicating directed motion (Fig 2H, grey bars) . This directed motion can be clearly distinguished from Brownian diffusion and typically occurs when nanoparticles are transported inside endosomal/lysosomal vesicles, along the microtubuli. The increased mobility and active transport of nanoparticles upon incubation of the injected cells suggests that the initially immobile cytoplasmic nanoparticles are now present in endocytic vesicles, as would occur upon autophagy. Grey bars: after overnight incubation. Representative videos can be viewed in supplementary information.
Colocalization of nanoparticles with lysosomes and autophagosomes
When autophagy occurs, nanoparticles will eventually be delivered to the lysosomal compartment.
We demonstrated previously, that immediately after injection, there is no colocalization of the nanoparticles with endosomes or lysosomes, which is expected as the nanoparticles are not taken up by the cells by endocytosis, but are directly delivered to the cytoplasm (15) . To verify whether injected nanoparticles reach lysosomes, we injected HeLa cells expressing GFP-LAMP1 (a lysosomal marker)
with red labeled polystyrene beads or pDNA/PEI nanoparticles and determined the colocalization with the lysosomes 24 hours after injection. Figure 3 demonstrates that both red polystyrene beads and pDNA/PEI complexes colocalize with GFP-LAMP1 positive lysosomes, as indicated by the white spots in figure 3C . The insert in figure 3 clearly demonstrates a GFP-LAMP1 positive lysosomal membrane that surrounds a pDNA/PEI particle, giving additional prove that the injected nanoparticles are now present inside lysosomes, and not just accidentally present in the same intracellular region.
This finding indicates that autophagy could occur on the injected nanoparticles. Colocalization analysis demonstrates that 77 ± 9 % of polystyrene beads and 74 ± 7 % of PEI/DNA nanoparticles colocalizes with GFP-LAMP1 positive vesicles (Fig 6) .
A first step in autophagy, is the sequestration of cytoplasmic cargo by a phagophore. This phagophore than closes to form a double-membraned structure, named the autophagosome (16) . The presence of autophagosomes can be determined by "microtubule-associated protein 1A/1B light chain 3" (LC-3) staining (26) . Therefore, HeLa cells expressing GFP-LC3 (green) were injected with red labeled nanoparticles and the colocalization between the nanoparticles and autophagosomes was assessed 24 hours after injection. Figure 4 shows that both polystyrene beads and pDNA/PEI nanoparticles colocalize with the autophagosomes, indicating that autophagy does indeed occur on these injected nanoparticles. It should be noted that there are still nanoparticles (red in Fig 4, colocalization) that do not colocalize with GFP-LC3, indicating that these nanoparticles are still freely present in the cytoplasm of the cells. Alternatively, autophagosomes carrying these nanoparticles could already have fused with lysosomes. As the inner autophagosomal membrane degrades in the lysosomes, this results in the loss of the GFP-LC3 signal. Fig. 6 indeed confirms that less nanoparticles are colocalized with GFP-LC3 when compared to GFP-LAMP1. nanoparticles induce autophagy more when compared to polystyrene beads, which could be attributed to the presence of foreign pDNA in these complexes (27) . The fact that PEI/DNA nanoparticles are taken up significantly more than polystyrene beads in GFP-LC3 positive vesicles, both after injection or when delivered through endocytosis can also be seen from the colocalization analysis presented in Fig. 6 .
Fig 5. Confocal images of HeLa cells expressing GFP-LC3 (GFP), that were incubated with red labeled polystyrene beads or pDNA/PEI nanoparticles (Cy5). Colocalization between green and red fluorescence is
shown as white dots, while non-colocalized autophagosomes or nanoparticles appear in green or red respectively (Colocalization). shows colocalization when nanoparticles were taken up by endocytosis. Significant differences between polystyrene beads and PEI/DNA nanoparticles were determined by a student t-test. * denotes a P value < 0.05.
Electron microscopy on electroporated or microinjected beads reveals an autophagy response
The above mentioned experiments strongly indicate that microinjected nanoparticles can be trapped from the cytoplasm in autophagosomes, with eventual delivery to the lysosomes. To elucidate if injected nanoparticles were truly present inside lysosomal vesicles, electron microscopy on cryosections of microinjected cells was performed. First, we evaluated if the presence of polystyrene beads in the cells could be distinguished in the EM images. Therefore, cells were incubated with 100 nm or 40 nm polystyrene beads. Figure 7 shows that polystyrene beads can be identified in the early endosomes (EE) as well as later stages of the endosomes (E). Endosomal cross sections could contain between 1 to 10 polystyrene beads of 100 nm and up to 20 -30 polystyrene beads of 40 nm. Next we investigated HeLa cells that were electroporated with 100 nm polystyrene beads. In electroporation, an externally applied electrical field temporarily permeabilizes the plasma membrane, allowing cytoplasmic delivery of free nucleic acids and nanoparticles. Figure 8 shows 3 representative examples of HeLa cells in which nanoparticles were delivered to the cytoplasm after electroporation.
We find the polystyrene beads in large vacuoles (endosomes/lysosomes) ( Figure 8A -B) , with a heterogene content, typical for endo-lysosomal compartments involved in autophagy. In Figure 8C , the vacuoles even contain 2 mitochondria (M). As mitochondria are cytoplasmic organelles, this indicates these endo-lysosomes are autophagic structures that cleared the cytoplasm from defective cell organelles and the polystyrene beads. Together, these images indicate that cytoplasmic beads are indeed cleared from the cytoplasm of cells by an autophagy response. however, that although finding beads was a rare event, when they were found, they were only present in lysosomal vesicles and never in the cytoplasm or the nucleus of the cells. need to escape the endosomes to avoid degradation in the lysosomal compartment. Up to now, it is generally accepted that endosomal escape is a rare event, and could be the major bottleneck in the nucleic acid's delivery (29) . It is also generally accepted that nanoparticles which gained access to the cytoplasm after endosomal escape, remain in the cytoplasm for a sufficient long time to lead to a therapeutic effect.
In this research paper, however, three independent observations demonstrate that nanoparticles that were directly delivered to the cytoplasm of the cells, can be captured in vesicles and are delivered to however, remain stationary for some part of the track, the average alpha value decreases below 1. As only 25% of nanoparticles remained completely stationary after overnight incubation, these observations point out that about 75% of nanoparticles are transported inside vesicles, indicative for an autophagy response. In a next set of experiments, colocalization was performed between red labeled nanoparticles and green labeled lysosomes (GFP-LAMP1) or autophagosomes (GFP-LC3). Both type of nanoparticles colocalize with lysosomes and autophagosomes after overnight incubation, giving additional proof that nanoparticles are taken up by an autophagy response. Also here, colocalization analysis demonstrate that more than 75% of nanoparticles are eventually delivered to the lysosomes (Fig 6) . Colocalization with autophagosomes is less, with respectively 30 ± 4 and 50 ± 9 of polystyrene beads and PEI/DNA nanoparticles taken up after overnight incubation. It should be noted, however that the GFP-LC3 signal is lost when the inner autophagosomal membrane degrades after lysosomal fusion. Therefore, it is possible that non-colocalized nanoparticles were already delivered to the lysosomal compartment. Alternatively, they are still freely present in the cytoplasm of the cells, which does however not agree with the increased mobility observed by SPT or the colocalization observed with GFP-LAMP1 positive vesicles. Finally, we performed electron microscopy (EM) to
show that nanoparticles are present inside vesicles and not just bound to the surface of them. It should be noted that finding nanoparticles in EM was a rare event. Unlike confocal imaging or SPT, where the whole cell is imaged, cells for EM are cut into 65 nm thick cryosections. With the injection conditions used, the cells contain on average between 8-20 nanoparticles. We assume that the combination of cutting the cells in cryosections, together with the possible washing out of beads during subsequent washing and fixation steps could contribute to the fact that it was not straightforward to find beads in the injected cells samples.
The induction of autophagy upon directly introducing nanoparticles inside the cytoplasm is an important additional intracellular barrier that is so far not taken into account. For free plasmid DNA it has been suggested that autophagy can be induced when the pDNA is delivered to the cell's cytoplasm by microinjection (27) . As autophagy is considered as an innate intracellular defense mechanism to clear the cells from incoming pathogens such as viruses and bacteria, it seems logic that also foreign DNA sequences could be recognized in the cytoplasm of the cells by the cellular DNA sensors. For pDNA/PEI complexes, parts of pDNA that are exposed at the surface of the complexes could trigger autophagy in this way. This could also explain the stronger induction of autophagosomes upon endosomal uptake of pDNA/PEI nanoparticles as seen in Figure 5 . For the inert polystyrene beads also used in this study, however, the trigger for autophagy is not clear yet. As the beads are charged, it could be that they bind with oppositely charged cellular proteins which act as the messenger molecules to induce autophagy. Alternatively, polystyrene beads could be non-specifically cleared from the cytoplasm during the capturing of defective cell organelles.
Very recently, Lisse et al demonstrated autophagy on injected ferritin light chain based nanoparticles of much smaller size (9-12 nm) then the nanoparticles used in this study (30) . It thus seems that cytoplasmic recognition and clearance by autophagy is a general cellular defense mechanism against nanoparticles, even when they did not enter the cells through endocytosis. This in contrast to the observations by Roberts et al (17), who suggested that the autophagy machinery mainly recognizes the endosomes carrying these complexes, while cytoplasmic complexes were apparently resistant to further capture by autophagosomes. While it has been demonstrated that nanoparticles that enter the cells through endocytosis, can induce autophagy and that inhibiting this autophagy response increases the therapeutic effect (17) (31) (32), our paper adds to those data the direct demonstration of the uptake and presence of nanoparticles that entered the cytoplasm by electroporation or microinjection in autolysosomes. It should be noted that a large macromolecule such as TRITC-dextran used for coinjections does not colocalize with GFP-LC3 when injected on itself. When co-injected with nanoparticles, however, the TRITC-dextran is present in autophagosomes, indicating the co-capturing of this cytoplasmic molecule when autophagy is induced (Suppl. Fig. 2 ). This also demonstrates that the microinjection procedure on itself does not induce autophagy in the injected cells.
The possibility to capture cytoplasmic nanoparticles by an autophagy response sheds new light on the endosomal escape dogma. Up to now, it is accepted that endosomal escape is a rare event, with more than 90% of the delivered nanoparticles ending up in the degradative lysosomal compartment (33).
Our observations, however, implicate that a single endosomal escape event does not guarantee that a nanoparticle remains in the cytoplasm for a sufficient long time to induce biological activity. Rather, the escaped nanoparticles can be re-captured by autophagy, again physically separating them from the . Plasmid DNA then needs to travel to the nucleus (4), while mRNA can be translated to proteins in the cytoplasm of the cells (5) . Clearly, degradation of nucleic acids should be avoided (6) . When autophagy occurs, a phagophore isolates cytoplasmic material (7) and closes on itself to form an autophagosome (8) . These fuse with lysosomes to form an autolysosome (9) in which the cytoplasmic cargo is degraded. In this research article, nanoparticles are directly delivered to the cytoplasm of the cells by microinjection (10). shows colocalization when nanoparticles were taken up by endocytosis. Significant differences between polystyrene beads and PEI/DNA nanoparticles were determined by a student t-test. * denotes a P value < 0.05. Colocalization between GFP-LC3 autophagosomes and 70 kDa TRITC-dextran. When injected as such, TRITC-dextran homogenously spreads in the cytoplasm immediately after injection and only occasionally colocalizes with GFP-LC3 vesicles after overnight incubation. In the presence of PEI/DNA nanoparticles, however, TRITC-dextran seems to be co-captured in autophagosomes.
